The Mott transition is one of the fundamental issues in condensed matter physics, especially in the system with antiferromagnetic long-range order. However the Mott transition in quantum spin liquid (QSL) systems without long-range order is rare. Here we report the observation of the pressure-induced insulator to metal transition followed by the emergence of superconductivity in the QSL candidate NaYbSe2 with triangular lattice of 4f Yb 3+ ions. Detail analysis of transport properties at metallic state shows an evolution from non-Fermi liquid to Fermi liquid behavior when approaching the vicinity of superconductivity. An irreversible structure phase transition occurs around 11 GPa is revealed by the X-ray diffraction and Raman spectrum. These results shed light on the Mott transition and superconductivity in the QSL systems.
Introduction
Frustrated magnets are materials in which localized magnetic moments (spins), interact through competing exchange interactions that cannot be simultaneously satisfied. Magnetic frustration systems have attracted tremendous interests because they exhibit numerous exotic emergent phenomena [1] . One of important examples is quantum spin liquid (QSL) with a ground state of strong quantum fluctuations preventing the phase transition towards conventional magnetic order. It exhibits longrange quantum entanglement [1] [2] [3] and de-confined spinon excitations that may obey varied statistics rules of boson, fermion, or even anyon depending on the types of QSL [2] . More importantly, Anderson proposed that the superconductivity in copper oxide superconductors can evolve from spin liquid state [4] . Therefore, Mott transition and superconductivity emerging from the QSL are very interesting.
Mott transition is one of the important subjects in the physics of strongly correlated electrons especially in the system with antiferromagnetic long-range order [5] .
However the ground state of the Mott insulator in QSLs is not trivial and Mott transition between metallic and insulating spin-liquid phase is very rare [1] . For example attempt to dope QSL candidate ZnCu3(OH)6Cl2 indicated there was no observation for metallic or superconducting states even up to 0.6 electron per Cu 2+ and down to 1.8 K [6] .
Theoretical analysis found the localization of electrons in various Zn-Cu hydroxyl halides and the formation of polaronic states with attendant lattice displacements and a dramatic narrowing of bandwidth upon electron addition [7] . Compare with charge carriers doping, pressure is an effective and clean approach to induce Mott transition.
For example, pressure-induced (band-width-controlled) metal-insulator transition (MIT) with exotic quantum criticality and superconductivity appears in the vicinity of MIT with possible unconventional mechanisms in organic QSL candidates κ-(ET)2Cu2(CN)3
and κ-(ET)2Ag2(CN)3 [8] [9] [10] [11] [12] [13] [14] , in which the Hubbard U is relative small. In contrast, although external pressure can modify magnetic properties of quasi-two-dimensional (quasi-2D) inorganic frustrated systems significantly by way of tuning magnetic exchange interaction, crystal energy filed (CEF), dipole interaction [15] , the insulating behavior still persists under high pressure, such as in α-RuCl3 and α-Li2IrO3 [16, 17, 18] , possibly due to the large U in these strong Mott insulators. Takagi et al. claimed the observation of the pressure induced insulating to metallic phase transition in QSL candidate Na4Ir3O8 [19] , but there was no report on the details of experiment. Thus, the MIT in quasi-2D inorganic magnetic frustrated inorganic materials is still elusive.
Very recently, a novel material system NaLnCh2 (Ln = rare earth, Ch = O, S, Se), especially NaYbCh2, has been proposed to be a promising candidate to realize QSL state [20] [21] [22] [23] . NaYbCh2 has a perfect triangle lattice and similar CEF environment of 4f Yb 3+ ions to YbMgGaO4 [24] . Thus NaYbS2 is an effective spin-1/2 quantum magnet at low temperature. It possesses the simplest structure and chemical formula among the known QSL candidates. In addition, the antiferromagnetic exchange interaction is significantly enhanced (|θCW| > 10 K) [20] [21] [22] , and the site disorder of elements is absent in NaYbCh2 compared to YbMgGaO4. Importantly, the long-range magnetic order or spin glass states are not observed in NaYbCh2 when temperature down to 50 mK, generating an empirical frustration parameter f = θCW/TN > 200 [20] [21] [22] [23] . Continuous magnetic excitations are also observed in NaYbO2 by inelastic neutron scattering show a gapless feature [23] . These results strongly suggest that NaYbCh2 with strong spinorbital coupling (SOC) could host a QSL state as the ground state. Moreover the absorption spectra indicate that the charge gaps are roughly 4.5 eV, 2.7 eV and 1.9 eV for NaYbO2, NaYbS2 and NaYbSe2, respectively. The variable and small charge gaps may allow the system to access a MIT by applying pressures.
In this work, we study the pressure effects on structural and transport properties of NaYbSe2 up to 125.9 GPa. It is found that there is a structural transition from the R-3mH to P-3m1 at around 11 GPa. A MIT appears at about 58.9 GPa, accompanying with the giant change of resistivity by 8 orders of magnitude. A superconducting transition emerges when pressure is higher than 103.4 GPa.
Experimental
Single crystals of NaYbSe2 were grown by NaCl flux method. The mixture of Yb powder, Se grain and NaCl grain with the molar ratio of 2 : 3 : 10 was loaded into a silica tube and then sealed under Ar atmosphere (∼ 0.2 atm). The sealed tube was heated to 1173 -1223 K for 24 h and kept at that temperature for 150 h. Then it was cooled down to room temperature naturally. Finally, the single crystals were separated by washing NaCl flux with distilled water for several times. NaYbSe2 powders were synthesized by solid state reaction method as described in elsewhere [20] .
The electronic transport properties of NaYbSe2 under high pressure and low temperatures were investigated via four-probe electrical conductivity method in a diamond anvil cell (DAC) made of CuBe alloy as described in references [25] [26] [27] [28] [29] .
Pressure was generated by a pair of diamonds with a 100 μm diameter culet. A gasket made of T301 stainless steel was pressed from a thickness of 250 μm to 20 μm, and drilled a center hole with a diameter of 300 μm. Fine cubic boron nitride (cBN) powder was used to cover the gasket to protect the electrode leads insulated from the metallic gasket. The electrodes were slim Au wires with a diameter of 18μm. A 50μm-diameter center hole in the insulating layer was used as the sample chamber. The dimension of the sample was about 45 μm × 45 μm × 5 μm, and NaCl powder was as the pressure transmitting medium. The pressure was measured via the ruby fluorescence method at room temperature before and after each cooling [30] . The diamond anvil cell was placed inside a MagLab system to perform the experiments. The temperature was automatically controlled by a program of the MagLab system. A thermometer was mounted near the diamond in the diamond anvil cell to monitor the exact sample temperature.
In-situ high pressure angle-dispersive X-ray diffraction (ADXRD) experiments were performed using a symmetric Mao Bell DAC at Beijing Synchrotron Radiation Facility. The wavelength is 0.6199 Å. The sample in DAC is fine NaYbSe2 powder and a tiny ruby chip was regarded as the pressure marker. The two dimensional image plate patterns obtained were converted to one-dimensional 2θ versus intensity data using the Fit2d software package [31] . Raman spectra measurement was performed using the Renishaw micro-Raman spectrometer with a symmetric Mao-Bell DAC at room temperature. The wavelength of laser is 532 nm. GPa, we can't measure the R(T) curve via four-probe method because of high resistance of NaYbSe2. All of R(T) curves show an insulating behavior that increases with decreasing temperature, but the absolute values of R(T) at room temperature decrease with increasing pressure dramatically by more than eight orders of magnitude. The transport behavior can be fitted well by using a variable range hopping model
Results and discussion
where T0 is the characteristic temperature and d = 2 for the two dimensional system. This formula is usually used to descript the weak conducting behavior of Mott insulator. The inset of Fig. 1(b) shows the fitting result of R(T) at P = 42 GPa and the fitted T0 is shown in the main panel of Fig. 1(b) . It can be seen that the T0 decreases gradually with pressure, i.e., the hopping barrier or band gap decreases under pressure. When increasing pressure further (P = 58.9 GPa), a metallic state is observed ( Fig. 1(c) ), but with a minimum around 55 K (Defined as Tmin). Carefully checking the resistance below Tmin, we find that it obeys a logarithmic temperature dependence (Inset of Fig. 1(c) ), which may be explained by either weak localization effect originated from the presence of disorder potentials or incoherent Kondo effect due to the presence of quantum magnetic impurities [32] . Considering that the electric resistivity of the samples in the paramagnetic insulating phase is fitted to the variable range hopping model, we tend to interpret the resistivity up-turn at low temperatures as the weak localization effect. This minimum shifts progressively to lower temperature under higher pressure, which is similar with that observed in Yb-series heavy-fermion compounds [33] , and finally a complete metallic behavior in the whole temperature range (2 -300 K) is achieved at Pc = 74.8 GPa. The piezochromism of the NaYbSe2 single crystal also reflects the narrowing of hopping barrier or band gap ( Fig. 1(d) ). The color of sample at low pressure is brown-red, which is coincided with the result reported in previous work [20] . It becomes much darker with the increase of pressure, and only a small amount of red color can be seen on the edge at P = 37.5 GPa, indicating the gradually decrease of hopping barrier or band gap [34] . Finally the sample become completely dark when P is above 42.2 GPa, meaning that the band gap is very small and the light can't go through sample.
Under higher pressure, the values of R(T) continuously decreases with metallic behaviors as shown in Fig. 2(a) . Surprisingly, when P = 103.4 GPa, a sudden drop at T ~ 8 K on the R(T) curve appears, suggesting the emergence of superconductivity ( Fig.   2(b) ). Although the superconducting transition temperature Tc is almost unchanged with pressure, the resistance drop becomes more obvious (inset of Fig. 2(b) ). In addition, with increasing magnetic field along the c axis, the resistance drop at P = 125.9 GPa is suppressed gradually (Fig. 2(c) ), confirming the drop on R(T) curve at around 8 K originates from the superconducting transition indeed. This result is not identical with any results of pressure induced superconductivity for the single element or binary of Na-Yb-Se. So we can also rule out the possibility from impurities. It is noted that the R(T) does not become zero at 125.9 GPa, which is the maximum pressure can be reached at present experiment condition. This could be induced by the imperfect sample quality or pressure inhomogeneity [35] .
In order to analyze the metallic state under pressure, we have applied the powerlaw fitting R(T) = R0 + AT n to the resistance of NaYbSe2 when P ≥ 74.8 GPa. The inset of Fig. 2(d) shows the fitting result of R(T) between 8 K and 100 K at 74.8 GPa. It can be seen that the power-law formula fits the experimental data well for the temperature between 8 K and 100 K. The pressure dependence of the exponent n is plotted in Fig.   2(d) . At the boundary of MIT, the metallic state of NaYbSe2 clearly shows a non-Fermiliquid (NFL) behavior with n ~ 1. With increasing pressure, the n increases gradually and finally becomes close to 2 (n = 2.1(1) at P = 125. 9 GPa), implying the emergence of Fermi-liquid (FL) behavior in NaYbSe2. Therefore there is a crossover from NFL to FL behavior with increase of pressure when approaching the boundary of superconductivity. Usually, the value of n less than 2 is argued to be caused by quantum critical fluctuations. This phenomena have been observed frequently in heavy-fermion systems where magnetic orders are suppressed by doping, magnetic field or pressure [36] [37] [38] [39] . But it has to be mentioned that the NFL behavior observed in NaYbSe2 is not confined to the vicinity of Pc, but extends to much higher pressures. More importantly, different from the situation in κ-(ET)2Cu2(CN)3 and κ-(ET)2Ag2(CN)3 that superconductivity usually emerges in the quantum-critical-fluctuation region near the end point of a MIT [8, 9, 14, 39] , the superconductivity in NaYbSe2 seems to appear when P is away from the Pc of MIT and the metallic state exhibits a FL behavior. Such interesting features need to be studied at even higher pressure in the future in order to check whether the value of n is still near 2 in the bulk superconducting region. The additional peaks around 18.6 degree appear (See arrow in Fig. 3(a) ) at around 12
GPa. Finally it completely transferred into a new phase (named phase II) at around 19.4 GPa. The phase II keeps stable with pressure up to 43.5 GPa. When the pressure is released, the high pressure phase can be kept, indicating that the phase transition is irreversible. The structure transition is also confirmed by the micro-Raman spectrum under pressure (Fig. S1 ). Carefully checking the X-ray diffraction patterns under pressure, it can be seen almost all the patterns at low pressure phase persist to the high pressure phase. For example the peak at around 5.1 degree at ambient pressure (the peak of (003) in phase I), which descripts the framework of this hexagonal structure along c axis, keeps alive up to the highest pressure in the experiment, indicating the framework of the low pressure phase is kept at high pressure, and there should be the relative change for the atoms during the phase transition.
After carefully checking the pattern at high pressure we find the high pressure phase pattern can be reproduced with a structure with space group P-3m1. The details of crystal structure refinement and data can be found in Fig. S2 and Table S1 . The crystal structures viewed along c axis and ab plane for phase I and II are shown in Figs.
3(b) and (c)
. Both structures show same hexagonal lattice structure along c axis (See Fig. 3(b) ). While the Na and Se layers are pushed to approach to each other under high pressure in the ab plane compared with the lower pressure phase. In the high pressure phase, two different types of YbSe6 octahedra stack separately along c axis. The relative movement between Na and Se layers induces the elongation YbSe6 octahedra along c axis, but it does not change the perfect triangular network of Yb ions. Thus, the features of in-plane magnetic frustration should be still intact for the high pressure phase. Figure 4 exhibits a pressure-temperature phase diagram of NaYbSe2 single crystal.
As can be seen clearly, the application of high pressure reduces the resistance continuously and a metallic state at 58.9 GPa with a weak localization at low temperature. Then superconductivity appears at 103.4 GPa. There is non-Fermi liquid to Fermi liquid state transition at metallic areas. Meanwhile according to the results of ADXRD and Raman spectroscopy, a structural phase from low pressure phase R-3mH to a high pressure phase with P-3m1 occurs. The pressure turned Mott transition and superconductivity is observed at the second phase. Such P-T phase is different from that observed in organic QSL compound κ-(ET)2Cu2(CN)3 [14] , in which superconductivity emerges from the quantum-critical-fluctuation region near the end point of a MIT, indicating there may be two different mechanisms for the electronic states evolution in these two system.
Conclusion
In summary, we have discovered pressure-induced MIT at 58.9 GPa and superconductivity appearing at much higher pressure away from MIT (P = 103.4 GPa) in QSL candidates NaYbSe2, accompanying a structural phase transition around 11 GPa from the R-3mH to P-3m1. The low temperature R(T) at metallic state exhibits a crossover from NFL to FL behavior. These observations open up a promising way to study the features of MIT and the interplay between spin and charge degrees of freedom in the QSL system with strong SOC. Furthermore, a large family of NaLnCh2 compounds provides a novel platform to investigate the effects of 4f and chalcogen ions on the possible MIT and superconductivity in magnetic frustration systems. 
